Background
==========

Genome-wide gene expression profiling has been used to aid in the discovery of genes involved in human diseases and to discriminate between disease subtypes. This approach has already been successfully applied in cancer and obesity research \[[@B1],[@B2]\], but similar approaches have not yet been widely applied to human neuropsychiatric traits. An important issue concerning expression profiling in these disorders in man is the lack of the most relevant tissue, i.e. the brain, for study. Except for limited numbers of post-mortem samples, there is no easy access to human neuronal tissue for expression studies \[[@B3]\].

Mouse models, however, have long been used to study neuropsychiatric traits. There is consensus that symptoms of disorders such as major depression and anxiety can be studied by observing behavior in inbred strains \[[@B4],[@B5]\]. Moreover, mouse brain tissue is accessible and most brain regions are highly conserved between mouse and human \[[@B6],[@B7]\]. Regional gene expression in the brain has been shown to be conserved between non-human primates, rodents and man, making it possible to study mice in relation to human neurobiology \[[@B8],[@B9]\].

This study focuses on two brain regions, the hippocampus and amygdala, because of their importance in neural behavior and psychiatric disease. These areas are both part of the limbic system and known to be heavily interconnected. Hippocampal function has been extensively studied and it has been shown to be a key structure in learning and memory processes \[[@B10]\]. The amygdala is important in processing fear and anxiety and is also thought to be involved in associative learning and memory. Because of its small size and complicated anatomy the amygdala has been less well studied in man. The structure consists of about 10 different subnuclei with distinct roles for the input and output of information \[[@B11]\]. Both brain regions have been implicated in neuropsychiatric disorders such as schizophrenia and depression, as well as epilepsy, but there is increasing evidence that they might play differential roles as well \[[@B12],[@B13]\].

Using the mouse as an animal model is advantageous for the study of neurobehavioral traits because the genetic make-up of these inbred strains is known and they have been extensively phenotyped for more than two decades. This makes it possible to select strains most divergent for the (behavioral) trait of interest and to search for underlying genetic factors \[[@B14]\]. A recent study estimated that there are \~8 million single nucleotide polymorphisms (SNPs) between classical mouse inbred strains, which results in an estimated strain diversity of 1 SNP every 250-300 base pairs \[[@B15]\].

Although gene expression carries information about biological state and environment, a number of studies have shown that up to 85% of the measured transcripts in human lymphocytes are significantly heritable \[[@B16],[@B17]\]. This suggests that gene expression in general is under strong genetic control. An association analysis of expression levels with SNPs and genomic copy number variations (CNVs) in human lymphoblastoid cell lines was performed and showed that SNPs and CNVs capture 83.6% and 17.7% of the total detected genetic variation in gene expression, respectively \[[@B18]\]. Expression levels are shown to be more variable among individuals than among the populations they belong to, as studied in *fundulus*fish and man \[[@B17],[@B19],[@B20]\]. Differences in allele frequencies seem to explain most of the variation in transcript levels between human populations \[[@B21]\].

To explore gene expression differences specific to a strain and/or brain region, we studied the amygdala and hippocampus brain tissues of mouse inbred strains A/J and C57BL/6J. These strains have been consistently shown to differ in behavioral, physiological and developmental processes. For example, studies have reported that A/J show more anxiety-like behaviors and are less social towards other mice \[[@B22]\]. A/J is also known to have lower motor activity levels \[[@B23]\] and be more resistant to developing epilepsy \[[@B24]\] than C57BL/6J.

Although they are heavily interconnected, the amygdala and hippocampus perform separate functions in memory and emotion (see earlier). The amygdala functions mostly through GABA-ergic transmission, while the hippocampus uses excitatory connections \[[@B6]\]. Here we explore whether behavioral differences between the mouse strains and functional specificity of the two brain regions are reflected in differential gene expression profiles. It is plausible that differences in expression profiles represent a combination of genetic and functional variation. Considering the involvement of the hippocampus and amygdala in neurobehavioral symptoms in both mouse and man, the results from our mouse analysis may shed new light on pathways underlying neuropsychiatric traits in humans as well.

Since we were interested in finding co-expression modules that relate to amygdala and hippocampus in the different mouse strains, we used gene co-expression network analysis. Gene co-expression network methods have been successfully applied in a variety of different settings \[[@B8],[@B25]-[@B29]\]. This systems biology analysis method starts out by defining clusters of co-expressed genes (called \'modules\') which may represent molecular networks involved in a common biological pathway. Genes that are highly connected within these groups are thought to drive the modules and are considered to be \'hub genes\'. As described below, we identified large co-expression modules that are significantly associated with differences between mouse strains and brain regions. We found that the observed strain-specific modules in fact reflect hybridization artifacts but, strikingly, two large modules distinguish brain regions irrespective of genetic background. Detailed functional enrichment analyses revealed an overrepresentation of genes involved in neurological and psychological disorders, in addition to nervous system function and development.

Results
=======

Data preprocessing
------------------

After background correction, expression arrays were transformed and normalized according to the Lumi procedure \[[@B30]\]. Genes were then filtered based on detection values generated by BeadStudio^©^. The detection *p*-value threshold was set at 0.01, leaving 13,627 of the 24,620 probes on the microarrays for analysis. Hierarchical clustering using all probe information yielded no sample outliers.

Network reconstruction
----------------------

A gene co-expression network was constructed using amygdala and hippocampus tissue from both A/J and C57BL/6J strains (total N = 35). For computational reasons, only the 5,000 most variable probes (across all samples) were used for the network construction. To construct a weighted co-expression network based on the matrix of pairwise Pearson correlation coefficients, we used a soft thresholding approach by raising each correction to a fixed power. We used the criterion described by Zhang and Horvath to choose the power (beta = 8) \[[@B29]\]. One advantage of soft thresholding is that it leads to networks that are highly robust with respect to different soft-thresholds (beta). In particular, our findings remained virtually unchanged for different choices of beta. Soft thresholding resulted in a 5,000 × 5,000 dimensional weighted adjacency matrix containing pairwise connection strengths. Next, a connectivity measure (*k*) per probe was calculated by summing the connection strengths with other network genes. Since module genes tend to be highly connected, we restricted the module detection analysis to genes that had relatively high connectivity. We chose a connectivity threshold of 0.1, which resulted in 2,795 probes for the module detection analyses.

Module detection
----------------

We define co-expression modules as branches of a hierarchical clustering tree. Specifically, we used average linkage hierarchical clustering with the topological overlap similarity measure to define a cluster tree. The topological overlap is a robust measure of interconnectedness, which keeps track of shared patterns of connection strengths \[[@B29],[@B31]-[@B33]\].

For branch cutting (module detection) we used the dynamic branch-cutting algorithm implemented in the dynamicTreeCut and WGCNA (weighted gene co-expression network analysis) R library \[[@B26],[@B34]\]. Each module (or branch) is assigned a unique color label which is visualized in the color band underneath the cluster tree (see Figure [1](#F1){ref-type="fig"}). We found 10 modules, each of which contained at least 50 probes. Our module detection method followed the standard WGCNA approach that has been successfully used in multiple applications \[[@B8],[@B25],[@B26],[@B29],[@B35]\]. Since our modules are large and distinct, we expect them to be found by many alternative detection methods. Average gene expression levels of all modules range from 8.52 to 9.51.

![**Network construction identifies distinct modules of co-expressed genes using hippocampus and amygdala samples of A/J and C57BL/6J mice (n = 35)**. The dendrogram was produced by average linkage hierarchical clustering of genes using topological overlap. Modules of co-expressed genes were assigned colors corresponding to the branches indicated by the horizontal bar beneath the dendrogram.](1471-2164-11-20-1){#F1}

Modules related to strain and brain region
------------------------------------------

To identify modules that are related to the sample traits of interest - here mouse strain status (A/J versus C57BL/6J) and brain region (amygdala versus hippocampus) - we correlated the sample traits with a representative measure of each module. To define a representative module expression profile (referred to as the module eigengene), we summarized the (standardized) gene expression profiles of the module by their first principal component. The module eigengene can be considered a weighted average of the module gene expression profiles.

The correlation between the eigengene module and the sample trait of interest (e.g. brain region status) is referred to as eigengene significance. A standard correlation test can be used to assess the statistical significance (*p*-value) of the eigengene significance. Our module-based analysis has a major advantage over a standard differential gene expression analysis: since it only relates a handful of modules to the sample trait, the module-based analysis circumvents the multiple comparison problem that plagues standard gene-based analyses (that relate thousands of probes to the sample trait). We found a highly significant correlation between the Magenta module eigengene (based on 76 probes) and strain status (*r*= 0.99, *p*\< 1.0e-29). This shows that the Magenta module is comprised of genes that are highly differentially expressed between the two strains. Strikingly, we found that brain region status (amygdala versus hippocampus) was highly correlated with both the Red module (*r*= -0.99, *p*= 1.8e-29, 198 probes,) and the Pink module (*r*= -0.81, *p*= 4.4e-09, 84 probes) eigengenes. All of these *p*-values remain highly significant even after carrying out the most stringent multiple comparison adjustment (Bonferroni correction) for the number of modules.

Figure [2a-f](#F2){ref-type="fig"} and Additional File [1](#S1){ref-type="supplementary-material"} show the eigengene expression values of the Magenta, Red and Pink modules. The eigengene comparison showed that the Magenta module completely separates the inbred mouse strains, while the Pink and Red modules distinguish the amygdala and hippocampus independent of strain origin. The Red module is most informative in distinguishing the brain regions amygdala and hippocampus.

![**Module eigengene values can separate samples based on mouse strain or brain region**. The module eigengene is a single representative expression profile for each sample, based on the first principal component of that module. The box plots show that the Magenta eigengene values separate samples perfectly into an A/J and C57BL/6J group (b) but not brain region (a). The Red module eigengenes creates groups of amygdala and hippocampus samples (c), but does not separate between strains (d). The Pink module eigengene differentiates between brain regions as well, but to a lesser extent (e and f).](1471-2164-11-20-2){#F2}

A heat map of the Magenta module revealed a distinct pattern of overall decreased expression levels in A/J compared to C57BL/6J (Figure [3](#F3){ref-type="fig"}). The heat map of the Pink and Red modules showed a more random distribution of increased and decreased gene expression levels on comparing amygdala and hippocampus. The full data set with the Magenta, Red and Pink module gene content is available online (see Additional File [2](#S2){ref-type="supplementary-material"}). In addition, the correlation between the eigengenes for the Red, Pink and Magenta modules with expression values of all probes (i.e. \'module membership\') detected on the expression arrays are given in Additional File [3](#S3){ref-type="supplementary-material"}.

![**Gene expression heat map for significant modules**. The rows correspond to genes and the columns to samples, with samples groups indicated at the top. Genes colored green are under-expressed, while red indicates over-expression. Expression in the Magenta module (top panel) is lower in A/J compared to C57BL/6J for almost all probes. Both up- and down-regulated probes compose the Pink (middle panel) and Red (bottom panel) modules when comparing amygdala and hippocampus.](1471-2164-11-20-3){#F3}

Preservation of modules
-----------------------

To assess the preservation of the modules within each strain and brain region, multiple post-hoc analyses were performed. Samples were either separated by strain (containing amygdalar and hippocampus samples, *n*= 17 A/J samples, *n*= 18 C57BL/6J samples) or brain region (containing samples from both A/J and C57BL/6J origin, *n*= 17 amygdalar samples, *n*= 18 hippocampal samples). Networks of co-expressed genes were constructed for these different groups using the color coding from the previous module definition (using all samples from both strains).

To assess the existence of the brain region specific modules in separate strains, networks of co-expressed genes were constructed for each strain separately (using both amygdalar and hippocampus samples per strain) and using the color code of the previous module definition (using all samples of both strains). Modules are preserved when genes with the same color continue to cluster together based on their topological measure in the separate networks. Visual inspection of the hierarchical clustering trees shows that this is the case for the Red and Pink modules, but not for the Magenta module (see Additional File [4](#S4){ref-type="supplementary-material"}). The preservation of module eigengene significance of the Red and Pink modules was used to validate these gene networks as enriched with genes differentially expressed between amygdala and hippocampus independent of origin of strain. The module eigengene correlation for the Red module was significant in both the A/J (*r*= 0.99, *p*= 2.4e-16) and C57BL/6J (*r*= 0.99, *p*= 5.4e-14) networks. The Pink module also remained significant on comparing amygdala and hippocampus in A/J and C57BL/6J (*r*= 0.88, *p*= 7.7e-05 and *r*= 0.82, *p*= 3.8e-05).

To assess the preservation of the Red and Pink modules, we used a connectivity-based module preservation measure described in \[[@B8],[@B25],[@B35]\]. Specifically, for a given module, this preservation measure is defined as the correlation of the intramodular connectivity between the two strains. Thus, the higher the value of the module preservation measure, the better preserved is the module structure (its connectivity pattern) between the two strains. For the Pink and Red modules, we found a highly significant module preservation measure (*r*= 0.53 *p*\< 10e-03) and (*r*= 0.51 (*p*\< 10e-03), respectively, which shows that these modules are highly preserved between the two strains.

The same post-hoc analyses were performed to assess preservation of the modules of interest in networks constructed using either amygdalar or hippocampus samples (from both strains) with probes colored according to the initial network (constructed on all samples from both strains). Visual inspection of the hierarchical clustering trees of the amygdalar and hippocampus samples separately shows preservation of the Magenta module, but not of the Red or Pink modules (see Additional File [4](#S4){ref-type="supplementary-material"}). Magenta module eigengene significance remained high for strain differences in the networks created with hippocampal samples (*r*= 0.99, *p*= 1.1e-14) and amygdala (*r*= 0.99, *p*= 1.3e-14) separately. We found that the Magenta module was highly preserved between amygdalar and hippocampal networks (*r*= 0.80, *p*\< 10e-03).

Polymorphic SNPs in module genes and probes
-------------------------------------------

To investigate whether genetic variation between the two inbred strains could affect module detection, we collected SNP data from genes represented in the Magenta, Pink and Red modules (Table [1](#T1){ref-type="table"}). SNPs were counted in target genes with a 10 kb region around the gene location. A comparison between the three modules showed that the Magenta module contained the smallest number of total SNPs relative to the number of interrogated base pairs compared to the Pink (*p*\< 2.2e-16) and Red (*p*\< 2.2e-16) modules; the Pink module contained significantly more total SNPs than the Red module (*p*\< 2.2e-16). However, the Magenta module, which was enriched with genes that are differentially expressed between A/J and C57BL/6J, contained significantly more non-synonymous coding SNPs than those found in the Pink (*p*= 2.6e-07) and Red (*p*= 3e-03) modules; the Pink and Red modules did not differ in their numbers of non-synonymous coding SNPs (*p*= 0.04).

###### 

SNP counts within target genes in significant modules

                Total bp checked   Total SNPs   \% of bp   Non-synonymous coding SNPs   \% of SNPs found
  ------------- ------------------ ------------ ---------- ---------------------------- ------------------
  **Magenta**   21,218,367         7,128        0.03       59                           0.83
  **Pink**      8,637,477          8,193        0.09       19                           0.23
  **Red**       15,909,861         10,464       0.07       49                           0.47

The first column refers to the number of base pairs checked within a module. To include possible regulatory regions, a margin of 10 kb before and after each gene was used. The second column contains the total number of SNPs found, and the third column shows this number relative to the number of base pairs checked. Non-synonymous coding SNPs are represented in column four, and column five shows the percentage of non-synonymous coding SNPs compared to the total number of SNPs found.

When checking probe sequences for known SNPs between A/J and C57BL/6J, the Magenta module was composed of significantly more SNP-containing probes (32 of 76 probes) than the Red module (3 out of 198 probes, *p*\< 2.2e-16) and the Pink module (1 out of 84 probes, *p*= 1.3e-11). The number of probes containing SNPs did not differ significantly between the Red and Pink modules. In addition, sequencing of eleven of the top probes of the Magenta modules without known SNP revealed that 91% (10 of the 11) contain a polymorphism between C57BL/6J and A/J, with the C57BL/6J genomic sequence being identical to the probe sequence in all cases. Results are given in Additional File [5](#S5){ref-type="supplementary-material"}.

In order to better understand the high frequency of sequence variation in probe regions of the Magenta module genes, we also investigated whether the target genes of the probes in the Magenta module with and without a SNP were *cis*- or *trans*-regulated genes. We consulted the publicly available WTCCC heterogeneous stock database containing expression quantitative trait loci (eQTL) in hippocampus for this purpose \[[@B36]\]. This data was also collected using the Illumina platform and differentiates between real *cis*-effects and possible false *cis*-acting eQTLs resulting from probes with and without a SNP in the sequence. Of the 32 target genes with probes resident in the Magenta module and containing a SNP, more possible false *cis-*acting eQTLs were detected in the WTCCC database than the 44 remaining probes of the Magenta module (13 out of 32 vs. 7 out of 44 probes, *p*= 0.02). Moreover, probes in the Magenta module without known SNPs were significantly enriched with real *cis*-acting eQTLs compared to the probe sequences containing a SNP (16 out of 44 vs. 3 out of 32, *p*\< 0.01).

Gene ontology enrichment analysis
---------------------------------

We used Ingenuity Pathways Analysis (Ingenuity^®^Systems, <http://www.ingenuity.com>) to study the ontology of genes in the Pink and Red modules - these modules were enriched for genes that are differentially expressed between amygdala and hippocampus. For the Red module (165 out of 198 genes are known) the top-3 overrepresented subcategories within \'diseases and disorders\' were Neurological Disease (*p*= 7.6e-7 - 3.3e-2), Genetic Disorder ((1.5e-6 - 2.7e-2) and Psychological Disorder (*p*= 1.2e-5 - 1.5e-2). The category \'physiological system development and function\' yielded the following top-3: Behavior (*p*= 3.3e-6 - 2.2e-2), Nervous System Development and Function (*p*= 4.4e-5 - 3.3e-2) and Cardiovascular System Development and Function (*p*= 5.7e-5 - 2.9e-2). The Pink module (72 out of 84 genes were in the Ingenuity Pathways Knowledge Base) yielded no significant results using this threshold. The Magenta module (68 out of 76 genes are known) had significant overrepresentation of genes in the \'Diseases and Disorders\' subcategory Dermatological diseases and conditions (6.6e-4 - 7.1e-3). Results for categories enriched by at least one module at the *p*\< 10e-04 level are shown in the color-coded bar plot in Figure [4](#F4){ref-type="fig"}. The complete results from the Ingenuity analysis are provided in Additional File [6](#S6){ref-type="supplementary-material"}. A visual representation of the network for the Red module is given in Figure [5](#F5){ref-type="fig"}, highlighting the strongest connections between hub genes and the involvement of the genes in different functional pathways.

![**Color-coded bar plot depicting Ingenuity Pathway Analysis results**. We used Ingenuity Pathways Analysis (Ingenuity^®^Systems, <http://www.ingenuity.com>) to study the ontology of genes in the Red, Pink and Magenta modules. Results for categories enriched by at least one module at the *p*\< 10e-04 level are depicted in the color-coded bar plot.](1471-2164-11-20-4){#F4}

![**Visual representation of connections of genes in Red module**. This figure shows target genes of the probes in the Red module with the strongest connections only (*r*\> 0.92). Circles (○) denote genes with increased expression levels in hippocampus and diamonds (◊) represent genes with increased expression levels in the amygdala. Node size is related to the number of connections of that particular gene; a highly connected gene (i.e. \'hub gene\') is therefore larger than genes with fewer connections. Nodes are colored blue when they appear in the Ingenuity categories Neurological Disease, Genetic Disorder and Psychological Disorder. Green nodes represent the genes unique to the Genetic Disorder category. Edge length is not related to correlation strength.](1471-2164-11-20-5){#F5}

Discussion
==========

In this study, we applied systems biology methods to identify modules of co-expressed genes highlighting differences between the hippocampus and amygdala in two mouse inbred strains, A/J and C57BL/6J. Rather than generating a list of differentially expressed genes, this approach reconstructs networks of genes with related expression profiles that are thought to represent biological meaningful correlations. Reconstruction of these modules is performed in an unbiased fashion, independent of strain or tissue origin. These results may provide new insights or complement our existing knowledge on brain region-specific molecular pathways. Since the hippocampus and amygdala are largely conserved between man and mouse, and are thought to play an important role in behavior, emotion and cognition, studying these brain regions may aid our understanding of mechanisms underlying neuropsychiatric traits.

We observed differential expression between A/J and C57BL/6J mouse inbred strains and between the amygdala versus hippocampus brain regions (Figure [3](#F3){ref-type="fig"}). Further analysis demonstrated that differences in gene expression profiles between brain tissues were independent of strain origin (Figure [2](#F2){ref-type="fig"}, Additional File [4](#S4){ref-type="supplementary-material"}). While we provide evidence that the observed strain-specific differences are likely the result of hybridization artifacts (i.e. Magenta module), we postulate that networks enriched with genes that are differentially expressed between amygdala and hippocampus (i.e. Pink and Red modules) represent biological relevant molecular pathways. A limitation of our study is that both hippocampus and amygdala are not homogeneous (see for example \[[@B37],[@B38]\]). Future research could aim to further dissect these regions (e.g. by laser capture) so that more homogenous sub-regions could be studied. Our study provides a more global assessment of differential expression between these large brain structures thereby ignoring the regional substructures within each of the brain regions.

We observed that brain region-specific effects can be detected independent of strain origin. Genetic variation is thought to be a major regulator of gene expression \[[@B16],[@B18],[@B39]\]; however, the differential expression profiles between the amygdala and hippocampus as observed in our study seem to represent natural variation driven by tissue-specific biological processes instead. The Red module especially differentiates between brain region samples, without any interference from genetic background (Figure 2c-d). Previous studies investigating differences in brain regions also found that regional expression could be detected independent of strain. Whether genetic or tissue-specific effects have a stronger influence on gene expression is still under debate \[[@B40]-[@B44]\]. The results from our study suggest that the magnitude of the effect of strain and brain region is about the same, as module significance and eigengene values are comparable. However, since the module separating strains may not contain actual strain effects but be due to a hybridization artifact, it is likely that the effect of genetic strain differences is smaller in reality than the functional differences between tissues. Interaction effects between strain and brain region of all 13,627 probes were also assessed (see Additional File [7](#S7){ref-type="supplementary-material"}). This analysis revealed only 8 genes (*Arsj*, *Baiap2l1*, *Fgf10, Myoc, Krt9, Lyd, 4930511J11Rik, Lypd1*) of which differential expression between amygdala and hippocampus was dependent on strain. Of these, *Fgf10*and *4930511J11Rik*belonged to the Red module. These small numbers suggests that interaction effects between strain and brain region are very limited.

The current dataset provides a comparison between two brain region tissues only and is therefore somewhat limited in its perspective. While Red and Pink modules clearly separate amygdala and hippocampus in these two strains, the functions represented in these modules may extend to other (brain) regions as well. When we compared our findings with spinal cord data from the same individuals, only two of the ten modules were preserved in spinal cord (i.e. Magenta and Turquoise). As in the amygdala and hippocampus, the Magenta module again strongly differentiated between strains in spinal cord, suggesting that the SNP artifact in the probe sequences is driving the strain-specific differences throughout different neuronal tissues. The Red and Pink module differentiating between amygdala and hippocampus, however, are not conserved in spinal cord and are therefore more likely to be amygdala or hippocampus specific.

The Magenta module is enriched for genes differentially expressed between strains independent of brain region. The module eigengene of this group of target genes was able to fully distinguish A/J and C57BL/6J samples (Figure [2a-b](#F2){ref-type="fig"}). Closer examination revealed that a significant number of probe sequences of genes in the Magenta module contain nucleotide variants (SNPs) that differ between these two strains. The Illumina expression arrays used in this study were developed using the C57BL/6J as the reference strain with probes optimally designed for the C57BL/6J genome. If there are SNP variants between strains within a probe sequence it is expected that C57BL/6J hybridization will be more effective. This prediction coincides with the systematically lower expression levels of probes in the Magenta module in strain A/J (Figure [3](#F3){ref-type="fig"}). When the network is re-constructed after removing genes in the magenta module that were known to contain SNPs, the remaining magenta colored genes still fall into the same cluster. This module also still differentiates between strains. Therefore, it is possible that these probes represent real strain differences. However, resequencing of the probe sequences not containing a known SNP revealed that there are many unknown strain-specific polymorphisms in probe regions that may affect gene expression measurements between strains.

The issue of SNP variants in probe regions causing hybridization artifacts has been described before when short (25-mer) cDNA probes were used \[[@B45],[@B46]\], and more recently for long (60-mer) oligonucleotide probes \[[@B47]\]. In addition, it was found that mismatches do affect hybridization intensity, depending on the position of the SNP. By studying the enrichment of modules with regard to SNP-containing probes, our module-based analysis was able to detect this technical artifact. Further, we found that significantly increased numbers of SNP variants at the probe regions were also observed at loci with strong *cis*-effects in an *e*QTL analysis of the WTCCC heterogeneous stock database.

A standard gene-based analysis could have easily missed this systematic bias. Co-expression modules may represent technical artifacts, tissue contaminations, or other biologically uninteresting perturbations. This is why functional enrichment analyses, module preservation studies across array platforms, and other forms of validation are required to verify that co-expression modules are indeed biologically meaningful. In our data, we found that a functional enrichment analysis for known gene ontologies did not find any significant findings for the Magenta module (which arose due to hybridization artifacts). We conclude that careful analysis of probe regions is warranted in an expression array study, especially when only a limited number of (parental) inbred strains are involved. We expect that our findings also apply to transgenic mouse models in which part of the genomic sequence may still be from a different genetic background.

The hybridization artifact is not present in the modules found to be significantly enriched with genes differentially expressed between the amygdala and hippocampus samples in both strains, i.e. the Red and Pink modules (Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, Additional File [2](#S2){ref-type="supplementary-material"}). Available databases were used to validate our brain region specific results in silico (Allen Brain Atlas; <http://www.brain-map.org/>). In both modules, only \~10% of the probes disagreed in expression direction of amygdala and hippocampus, thereby largely validating current brain-region specific findings. Previous studies also found some expression differences between these structures, although they are more similar to each other than most brain regions \[[@B41],[@B42]\]. Functional examination of the genes represented in these two modules was performed using Ingenuity (Ingenuity^®^Systems, <http://www.ingenuity.com>). This analysis revealed that the Pink module did not contain any known pathways. The module eigengene of this network of co-expressed genes was also shown to be less discriminative between samples from the different brain areas than the Red module. However, the Red module was shown to be enriched with the categories of Neurological Disease, Genetic Disorder and Psychological Disorder, as well as Behavior and Nervous System Processes.

A major advantage of WGCNA is that its module detection does not make use not make use of any prior gene ontology information. This allows the expression data to speak for themselves without biasing the analysis. But gene ontology information is very valuable for determining what is known about the modules. While some modules may be highly enriched with genes of a given gene ontology there is no perfect agreement between gene ontology information and module membership. As we show, modules may arise due to non-biological variation. But biologically important modules must not always be enriched with known gene ontologies \[[@B8]\]. While the Ingenuity database is very extensive, GO analyses remain limited by incomplete gene ontology annotation. Module membership and network connectivity may point to a relationship between genes and pathways that was hitherto unknown. Figure [5](#F5){ref-type="fig"} indicates genes that are known to fall within these categories, as well as genes that are found to be in the same module based on co-expression profiles but have not been implicated in these pathways before. Therefore, this network approach may provide insights into new candidates in already known processes.

The connectivity of the genes in this module is an indication of their interactivity with other genes in the same module. As can be seen in the graphical representation of the network of the Red module (Figure [5](#F5){ref-type="fig"}), several genes in enriched pathways are highly connected, while others are less related to other genes. For example *Tacr1 (tachykinin receptor 1)*is a centrally located hub gene in the Red module and appears in all the above-mentioned categories determined by Ingenuity to be significantly enriched. This gene is more highly expressed in the amygdala compared to the hippocampus in our dataset. This receptor for the substance P is located in the central nucleus of the amygdala. Substance P is a neuropeptide related to pain and it has also been implicated in a wide range of behaviors including learning and memory \[[@B48]\], motivational processes, and anxiety \[[@B49]\]. Other genes in the Red module are also of added value since they may complement and/or interconnect our knowledge of pathways without having a known, large effect on neuropsychiatric traits directly. For example, we observed an enrichment of genes involved in transcriptional processes that distinguished between the amygdala and hippocampus; these genes included *Isl1*, *Fhl2*, *Tnfrsf25*and *Zcchc12*.

Other examples in the Red module support previous findings from the literature. For example, genes involved in the canonical pathway \'GABA-ergic signaling\' (*Slc32a1*, *Gabrg1*and *Gad1*) are closely correlated in the Red module, with increased expression levels in the amygdala. In addition, genes in the subcategory \'neurogenesis of nervous system development\' (*Nrn1*, *Cpne6*, *Dlx6*, *Enc1*, *Fgf13*, *Isl1*, *Nelf*, *Neurod2*, *Olfm1*, *Sema3a*, *Sema3f*, *Sema5a*, *Tgfb2*, *Wfs1*) were also found in the same module. Adult neurogenesis takes place predominantly in the hippocampus (and olfactory bulb) \[[@B50]\] and most of these genes (except for *Dlx6*, *Hap1*, *Isl1*and *Wfs1*) indeed showed an increased expression in the hippocampus \[[@B51]\].

Conclusions
===========

We report very distinct patterns of gene expression between brain regions independent of genetic variation due to differences between mouse inbred strains. Differential gene expression patterns associated with strain origin were highly enriched with SNP variation within the probe regions. In our study design we found that tissue-specificity is at least as important for variation in gene expression as genetic variation. Functional enrichment studies of modules related to the mouse brain regions implicate known human neurological disease pathways, which suggests that effective mouse models can be developed for human disease.

Methods
=======

Animals
-------

For this experiment, male C57BL/6J and A/J mice were used. Initial breeding pairs for these strains were obtained from the Jackson Laboratory and bred in the Rudolf Magnus Institute of Neuroscience animal facility at the UMC Utrecht. All experimental procedures were approved by the ethical committee for animal experimentation of the University Medical Center Utrecht, The Netherlands. All mice used for the experiment were bred under standard conditions (21 ± 1.0°C and 50% humidity) in Macrolon cages (type II-extended, type number: 1284 L.) maintained in a 12-hr light/12-hr dark cycle. Four weeks after birth, mice were weaned and socially housed (2-4 same sex littermates per cage) with ad libitum access to food and water. Mice were sacrificed at 3-4 months of age and their brains were quickly removed, frozen in liquid nitrogen and stored at -80°C. After dissection of selected brain areas we had 17 amygdala samples (8 A/J and 9 C57BL/6J) and 18 hippocampus samples (9 A/J and 9 C57BL/6J).

Dissection procedure
--------------------

Brain samples were thawed from -80°C storage to -8°C in cryostat. Coronal sections of 300 μm thickness were taken. Frozen sections were laid down on a cooled steel plate, covered with parafilm and immediately covered with RNAlater^®^(Ambion, \#AM7024). Selected brain regions were punched out using a stainless steel punch needle (1 mm in diameter) filled with RNAlater connected to a syringe. The amygdala were captured in 5 sections starting at -0.58 mm Bregma with one punch taken bilaterally for a total of 10 punches. Hippocampal tissue was taken in 6 sections starting at -2.06 mm Bregma with two punches taken bilaterally in the first three sections, and three in the last three, for a total of 15 punches. Tissue from the left hippocampus was used in the current study.

RNA isolation
-------------

RNAlater was pipetted off the samples. Punches were homogenized using disposable pestels (Fisher Scientific Pellet Stamp, \#749521-1500). Phase separation was achieved using 750 μl TRIzol reagent (Invitrogen, \#15596-018) and 200 μl chloroform (Merck \#8.222.65.1000), after which samples were precipitated in 500 μl isopropanol (Merck \#1.0934.2500). DNAse treatment (Qiagen Rnase-Free Dnase Set, \#79254) was applied using the manufacturer\'s protocol, followed by an RNA clean-up procedure (Qiagen RNeasy MinElute columns, \#74204). Samples were stored at -80°C. Total RNA concentration was checked using the Nanodrop ND-1000 and RNA quality was checked using Bioanalyzer RNA chips (Agilent Technologies RNA Nano kit, \#5067-1511).

Microarrays
-----------

Genome-wide RNA expression profiling was obtained with the Illumina MouseRef-8 V1.1 arrays using Illumina\'s standard protocol. In short, RNA samples were prepared with the Illumina TotalPrep kit amplification and labeling protocol (Ambion, \#IL1791). Amplified and biotinylated cRNA was measured with a ribogreen assay (Invitrogen Quant-it™ Ribogreen, \#R11490), and 750 ng of labeled cRNA was then used for array hybridization. Individual mouse samples were hybridized to separate arrays. BeadChips were scanned using an Illumina BeadArray reader. Data is made available at Gene Expression Omnibus (GSE17955; <http://www.ncbi.nlm.nih.gov/geo/>).

Statistical analysis
--------------------

BeadStudio^©^software version 3.2.3 was used to extract raw data and generate background-corrected gene-expression data. Background correction was performed by subtracting the average value of negative control beads present on the array. To demonstrate that our findings are not dependent on the background correction method, we repeated the analysis with non-background corrected gene expression data. Our conclusions remain unchanged: we find highly similar grouping of the genes and relationships to the phenotypes. Further pre-processing was done using the Lumi package for R \[[@B30]\]. A variance stabilizing transformation was applied to preserve much of the gene-expression variance. Data were normalized using the robust spline normalization method \[[@B52]\]. Chip quality and outlier detection was performed by assessing quality statistics and plots (hierarchical clustering, box plots, density distribution plots, pair-wise correlations) before and after transformation and normalization. Modules of co-expressed genes were identified using weighted gene co-expression network analysis (WGCNA) developed by Zhang and Horvath, implemented in a freely available R packge \[[@B26],[@B29]\]. First, a correlation matrix for these genes was constructed. This matrix was then raised to a power (beta = 8 in this study) to achieve an adjacency matrix holding connection strengths. Connectivity is defined as the sum of connection strengths with the other network genes. A topological overlap measure is calculated based on the number of shared neighbors. A dendrogram is produced by hierarchical clustering of 1 minus the topological overlap; branches of the tree are cut using a dynamic tree cut algorithm to define modules \[[@B34]\]. The module eigengene is the first principal component of a module and can therefore be thought of as an average gene expression value for all genes in a module per sample. Module significance for either a continuous or dichotomous outcome is determined assessing eigengene module significance. The importance of individual genes could be assessed by looking at both gene significance and connectivity measures in the whole network and within modules.

Polymorphic SNPs in genes and probes
------------------------------------

Analyses assessing polymorphisms between mouse inbred strains were performed *in silico*. Gene start and end positions were obtained by entering Illumina identifiers in Biomart <http://www.biomart.org>, which uses ENSMBL data. To include possible regulatory regions, a margin of 10 kb before and after each gene was used. This region was then entered in the Mouse Phenome Database (NCBI 37, <http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home>), comparing SNPs between A/J and C57BL/6J. Total SNPs were counted and the number of synonymous and non-synonymous coding SNPs was recorded. In addition, Illumina 50-mer probe sequences were blasted (NCBI megaBLAST, <http://blast.ncbi.nlm.nih.gov/Blast.cgi>) against the FASTA sequences, including the flanking sequences (obtained via NCBI SNP 37.1, <http://www.ncbi.nlm.nih.gov/sites/entrez>, of SNPs in exons or UTR regions. The significance of the differences between SNP counts was tested using a Fisher\'s exact test for count data with a threshold of *p*\< 0.05. Cis effects were checked in the eQTL database generated with the heterogeneous stock of the Welcome Trust Case Control Consortium <http://gscan.well.ox.ac.uk/>. The significance of the differences between counts was tested using a Fisher\'s exact test for count data with a threshold of *p*\< 0.05. In addition, sequencing of probe sequences not containing a known SNP was performed. Primers were designed in NCBI\'s Primer BLAST <http://www.ncbi.nlm.nih.gov/tools/primer-blast/> to generate a PCR product. Sequencing was performed according to standard protocols on an ABI 3730 (Applied Biosystems) sequencer. A list of probes and primers can be found in Additional File [5](#S5){ref-type="supplementary-material"}.

Gene ontology analysis
----------------------

Ontological enrichment for functional categories was studied using Ingenuity Pathways Analysis (Ingenuity^®^Systems, <http://www.ingenuity.com>). We obtained a bar plot of functional categories with at least one module enriched at the *p*\< 10e-04 level.
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###### Additional file 1

**Eigengene significance for mouse strain and brain region**. The module eigengene is a single representative expression profile for each sample, based on the first principal component of that module. The first bar plot shows that the Magenta module eigengene is significantly correlated with strain. This indicates that this module is significantly enriched for genes differentially expressed between A/J and C57BL/6J. The second barplot shows that the Red and Pink module eigengenes are significantly correlated with brain region. This indicates that these modules are significantly enriched for genes differentially expressed between amygdala and hippocampus.

###### 

Click here for file

###### Additional file 2

**Content of the Magenta, Pink, and Red modules**. Tables contain probes in Magenta (table 1), Pink (table 2) and Red (table 3) modules. Illumina probe ID, Gene Symbol, Chromosome and expression differences AJ versus C57BL6/J and hippocampus versus amygdala are given. Asterisks in the Probe ID column denote probes containing a known SNP between A/J and C57BL/6J. The last column denotes the cis-regulated genes according to the WTCCC Heterogeneous stock database <http://gscan.well.ox.ac.uk/>, with and without known SNPs between included strains. Expression data is transformed (variance stabilizing method) and normalized (robust spline) yielding values comparable to LOG2 values.

###### 

Click here for file

###### Additional file 3

**Magenta, Pink and Red module membership for all genes**. Table contains the correlation between the eigengenes (i.e. \'module membership\') for the Red, Pink and Magenta modules with expression values for all 13,627 detected genes on Illumina array.

###### 

Click here for file

###### Additional file 4

**Network reconstruction on subsets of samples**. Networks constructed per strain or per brain region identify distinct modules of co-expressed genes. Dendrograms were produced by average linkage hierarchical clustering of genes using the topological overlap measure. Modules of co-expressed genes were assigned colors corresponding to the branches indicated by the horizontal bar beneath each dendrogram. The color code of the previous module definition (using all samples of both strains) was used to assess preservation. The Red and Pink module are preserved in networks constructed on just A/J (n = 17) or just C57BL/6J samples (n = 18). The Magenta module is found in the networks constructed on just amygdalar (n = 17) or just hippocampus samples (n = 18).

###### 

Click here for file

###### Additional file 5

**Additional polymorphisms in probe sequences**. Sequencing was performed for the probes not containing a known SNP. Probes in the Magenta module showing the highest differential expression between C57BL/6J and A/J were selected. The first and second columns contain the Illumina probe ID and gene symbol of the corresponding target gene. The third column shows the probe sequence for these probes. The forward and reverse primers used are shown in column 4 and 5. The last column indicates whether a SNP (or indel) was found in the probe sequence, which is also indicated in the probe sequence.

###### 

Click here for file

###### Additional file 6

**Ingenuity Pathway Analysis for the modules of interest**. Ingenuity pathway results for genes in the Red (table 1), Pink (table 2) and Magenta (table 3) modules.

###### 

Click here for file

###### Additional file 7

**Strain \* brain tissue interaction effects**. A linear model analysis was performed to assess possible interaction effects of brain tissue \* strain for all 13627 probes. For this, the R package Limma was used, constructing a linear model with interaction term. Significance was assessed using FDR correction. After this correction, 6 genes showed significant interaction (adjusted *p*-value \< 0.01). The first three columns of the table contain the Illumina Probe ID, Gene Symbol and chromosome. Column four indicates the module in which the probe was grouped using WGCNA analysis. Linear model statistics are given in column five and six.

###### 

Click here for file
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